Xanthurenic acid (XA), kynurenic acid (KA) and 3-hydroxyanthranilic acid , and N 1 -methylnicotinamide (MNA) chloride were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). N 1 -Methyl-2-pyridone-5-carboxamide (2-Py) and N 1 -methyl-4-pyridone-3-carboxamide (4-Py) were synthesized by the methods of Pullman and Colowick (25) and Shibata et al. (10) , respectively. All other chemicals used were of the highest purity available from commercial sources.
Animals and diets. The care and treatment of the experimental animals conformed to the University of Shiga Prefecture guidelines for the ethical treatment of laboratory animals. The room temperature was maintained at around 22˚C and about 60% humidity with a 12/12 light/dark cycle (06:00-18:00/18:00-06:00).
Male 3-wk-old Wistar rats obtained from CLEA Japan, Inc. (Tokyo) were divided into three groups (n55 per group) and each rat was housed in a metabolic cage CT-10 (CLEA Japan). Group 1 was freely fed a conventional chemically-defined complete diet (Table 1) and used as an ad lib-fed control. Group 2 was freely fed the complete diet without PaA (PaA-free diet) ( Table 1) and used as a PaA-deficient group. Group 3 was fed the complete diet (Table 1) , but the daily food amount was equal to the amount of the PaA-deficient group and the group was used as a pair-fed control group. The experimental period was for 34 d. The body weights and food intakes were measured daily at around 09:00. The last day of the experiment (09:00 at day 34), each rat was orally administered 100 mg l-Trp/kg body weight dissolved in saline, in order to strengthen the effects of PaAdeficiency on the metabolism of l-Trp. The 24-h urine samples were collected at 09:00 (day 34)-09:00 (day 35) of the last day in amber bottles containing 1 mL of (10) , MNA (32), 2-Py (10), 4-Py (10) and 2-oxoadipic acid (23) were measured as described. The pyruvic acid, oxaloacetic acid, and 2-oxoglutaric acid were reacted with DMB, derivatized to fluorescence compounds, and measured by HPLC (23) .
Statistical analysis. For the statistical evaluation, the significance of the differences in the mean values between the pair-fed control and PaA-deficient groups was tested by using Student's two-tailed t-test. The differences p,0.05 were considered to be statistically significant. The values of ad-lib control were shown as reference values. GraphPad Prism (version 5.00; obtained from GraphPad Software, Inc., San Diego, CA) was used for statistical analysis. Figure 3 shows the daily changes in food intakes and body weight in weaning rats fed the complete diet (ad-lib fed and pair-fed groups) and PaA-free diet (PaA-deficient group). The data on the ad-lib fed control are shown as reference values. The food intake in rats fed the PaA-free diet became lower from day 5 compared that in rats fed the complete diet. After that, the food intake stayed at around 10 g/d. Nevertheless, the body weight in rats fed the PaA-free diet gradually increased as shown in Fig.  3B . The body weight gain was lower in rats fed the PaAfree diet than in rats pair-fed the complete diet.
RESULTS

Nutritional variables
The urinary excretion of PaA on the last day of the experiment is shown in Fig. 4A . The excretion amount of rats in the PaA-deficient group was almost zero.
Urine 2-oxo acids
CoA is an essential compound for the metabolism of 2-oxo acids. We measured the urinary excretion of 2-oxo acids such as pyruvic acid, oxaloacetic acid, 2-oxoglu- taric acid, and 2-oxoadipic acid to investigate systemic metabolic disturbance of amino acids. The data on the ad-lib fed control are shown as reference values. Since we could not separate pyruvic acid and oxaloacetic acid, the values of the two compounds are shown together (Fig. 4B ), and were higher in the PaA deficient rats than in the pair-fed rats. No differences in the urinary excretory amounts of 2-oxoglutaric acid and 2-oxoadipic acid were observed between the PaA deficient and pair-fed rats ( Fig. 4C and D) .
Urine metabolites of l-Trp→QA
We investigated how PaA deficiency affects the metabolism of l-Trp-degradation. The data on the ad-lib fed control are shown as reference values. PaA deficiency elicited increased urinary excretion rates of AnA and KA, while the urinary excretion rate of XA decreased, as shown in Table 2 . No differences in the urinary percentages of l-Trp itself, 3-HA, or QA were observed between the rats fed the PaA-free and pair-fed complete diets (Table 2) .
Urine Nam and its catabolites
We investigated how PaA deficiency affects the Nam catabolism. The data on the ad-lib fed control are shown as reference values. In the present experiment, the diets Fig. 3 . Effect of PaA deficiency on the food intake (A) and body weight gain (B). Weaning male rats of the Wistar strain, 3 wk old, were divided into three groups: Group 1 () was freely fed a conventional chemically-defined complete diet (Table 1 ) and used as an ad lib-fed control. Group 2 () was freely fed the complete diet without PaA (PaA-free diet) ( Table  1 ) and used as a PaA-deficient group. Group 3 () was fed the complete diet (Table 1 ), but the daily food amount was equal to the amount of the PaA-deficient group and the group was used as a pair-fed control group. The experimental period was for 34 d. The body weights and food intakes were measured daily at around 09:00. Values are means6SE for 5 rats.
The significance of the differences in the mean values at the last day between the pair-fed control and PaA-deficient group was tested by using Student's two-tailed t-test. The differences p,0.05 were considered to be statistically significant from the pair-fed control. The significance of the differences in the mean values at the last day between the pair-fed control and PaA-deficient group was tested by using Student's two-tailed t-test. * The differences p,0.05 were considered to be statistically significant from the pair-fed control. contained the preformed niacin, nicotinic acid. The intakes on the last day are shown in Table 3 . Therefore, Nam and its catabolites originate not only from l-Trp but also nicotinic acid. PaA deficiency elicited the increased excretion of MNA, 2-Py, and 4-Py, and therefore, the sum of Nam and its catabolites, as shown in Table 4 . The ratios of 4-Py/2-Py and (2-Py14-Py)/MNA were lower in the rats fed the PaA-free diet than in rats fed pair-fed the complete diet (Table 4) .
DISCUSSION
PaA involved in the metabolism of amino acids such as CoA as well as fatty acids. PaA deficiency caused the retardation of the body weight gain of growing rats compared to the pair-fed control group. The retardation of body weight gain means a shortage of energy intake. As the energy intakes for the PaA-deficient group and pair-fed group were exactly the same, the retardation in the PaA-deficient rats suggests the inhibition of digestion and absorption of macronutrients.
We investigated how PaA deficiency disturbs the metabolism of amino acids. CoA is the member of 2-oxo acid dehydrogenases, such as pyruvic acid, 2-oxoglutaric acid, and 2-oxoadipic acid. Therefore, PaA-deficient rats must eliminate an extremely large accumulated amount of 2-oxo acids in the body into urine. However, the urinary excretion amounts of 2-oxoglutaric acid and 2-oxoadipic acid were almost the same for the PaA-deficient and the pair-fed control rats. The urinary amounts of both groups were 1/2 that of the ad-lib fed control, which was proportional to the food intake. Thus, the urinary excretion amounts of 2-oxoglutaric acid and 2-oxoadipic acid are controlled by the intakes of the related amino acids. On the other hand, the urinary excretion of the sum of pyruvic acid and oxaloacetic acid was higher in the PaA-deficient rats than in the pair-fed control rats. We could not separate the two compounds (23); thus we showed their values as a sum. Pyruvic acid is produced not only by amino acids such as l-alanine but also by glucose. In this connection, l-alanine is a catabolite of l-Trp, which is produced by the reaction of l-kynurenine→AnA1l-alanine and Values are means6SE for 5 rats. The significance of the differences between the pair-fed control and PaA-deficient group was tested by using Student's two-tailed t-test. * The differences p,0.05 from the pair-fed control were considered to be statistically significant. Values are means6SE for 5 rats. The significance of the differences between the pair-fed control and PaA-deficient group was tested by using Student's two-tailed t-test. * The differences p,0.05 from the pair-fed control were considered to be statistically significant. Table 4 . Urinary excretion amounts of Nam and its metabolites, and the excretion ratios. Values are means6SE for 5 rats. The significance of the differences between the pair-fed control and PaA-deficient group was tested by using Student's two-tailed t-test. * The differences p,0.05 from the pair-fed control were considered to be statistically significant.
l-3-hydroxykynurenine→3-hydroxyanthranilic acid1l-alanine. The urine amount of the sum of pyruvic acid and oxaloacetic acid in the pair-fed control rats was 1/2 that of the ad-lib control rats, which was proportional to the food intake. This was not the case for the urine amount of the sum of pyruvic acid and oxaloacetic acid in the PaA-deficient rats; no difference in the urinary excretion of the sum of pyruvic acid and oxaloacetic acid was observed, although the intake of food in the PaA-deficient rats was 1/2 that of the ad-lib fed rats. This finding means that PaA deficiency elicits the inhibition of the reaction of pyruvic acid dehydrogenase, which leads the accumulation of pyruvic acid. Leoni et al. (33) reported that lactic acid is elevated in PaA kinase-associated neurodegeneration patients. We did not measure lactic acid, which is a metabolite of pyruvic acid. To systematically explore the effects of PaA deficiency, it is better to measure the hydroxyl acids derived from 2-oxo acids.
PaA is not directly involved in the l-Trp catabolic pathway, but it is concerned with the metabo lism; for example, pyruvic acid is produced by the reactions of l-kynurenine→AnA1l-alanine and l-3-hydroxykynurenine→3-HA1l-alanine, both of which are catalyzed by the same enzyme, PLP-dependent enzyme kynureninase. PaA deficiency elicited increased urinary excretion percentages of AnA and KA, while the urinary excretion percentages of XA decreased. KA and l-Ala are formed from l-kynurenine1pyruvic acid by PLP-dependent enzyme kynurenine aminotransferase (34) and XA and l-glutamic acid (l-Glu) are formed from l-3-hydroxykynurenine12-oxoglutaric acid by kynurenine aminotransferase (34) . PaA deficiency disturbed the metabolism of kynurenine; PaA elicited the inhibition of the reaction of l-kynurenine→l-3-hydroxykynurenine, which is catalyzed in the presence of NADPH by FAD-dependent enzyme kynurenine 3-monohydroxylase (35) . The integrated cooperation of CoA, PLP, FAD, and NADPH is not known, but such cooperation is plausible. Future studies must elucidate the interesting, complicated, and sophisticated interrelationship of B-group vitamins.
We analyzed the effects of PaA deficiency on the catabolism of Nam. In the present experiment, we used diets containing preformed niacin, nicotinic acid, so that we cannot calculate the conversion percentage of l-Trp to Nam. This is for preventing niacin deficiency; if PaA deficiency causes a decrease in the conversion of l-Trp to Nam, PaA deficient rats also fall into niacin deficiency. So, we compared the absolute urinary excretion of Nam and its metabolites between the PaA-deficient rats and pair-fed control rats. The urinary excretion amounts of Nam catabolites such as MNA, 2-Py, and 4-Py were higher in the PaA-deficient rats than in the pair-fed control rats. The urinary excretion ratio (2-Py14-Py)/ MNA was lower in the PaA-deficient rats than in the pair-fed control rats, which indicates that the reaction of MNA→2-Py and 4-Py is lower in the PaA-deficient rats than in the pair-fed control rats. In other words, the activities of 2-Py-forming MNA oxidase and 4-Py-forming MNA oxidase were lower in the PaA-deficient rats than in the pair-fed control rats. The extremely higher urine excretion of MNA in the PaA-deficient rats is its evidence. The ratio (2-Py14-Py)/MNA reflects amino acid nutritional status (36) (37) (38) . Thus, PaA deficiency elicits a worsening of amino acid nutritional status. Another urine ratio, 4-Py/2-Py, was lower in the PaAdeficient rats than in the pair-fed control rats, indicating that PaA deficiency lowered the activity of 4-Py-forming MNA oxidase rather than the activity of 2-Py-forming MNA oxidase. This effect of PaA deficiency might not be a direct action but an indirect action through worsening amino acid nutrition.
In conclusion, our study which used urine samples, illustrates the value of metabolic profiling as a tool for systematically exploring the biochemical basis of the PaA-deficient state. 
